Melanoides tuberculata (Thiaridae) is an old-world freshwater snail that is and now 25 circumtropical. After being introduced in the 1960s via the aquarium trade, populations of M. 26 tuberculata are thriving in spring systems of Texas (USA). Field surveys and experimental 27 investigations of temperature tolerance suggest M. tuberculata is stenothermal, and thus range 28 expansions outside of aquatic habitats with water temperatures between 18° and 32°C should be 29 unlikely. However, in 2012 snails were detected in natural aquatic habitats with seasonal 30 temperatures below the experimentally determined lethal thermal minimum. To test whether 31 genetic and phenotypic variation might be associated with cold-water tolerance and range 32 expansion, we sequenced the 16S ribosomal rRNA gene and measured qualitative conch 33 morphology of 170 snails collected at 26 sites in three central Texas rivers. We also conducted 34 phylogenetic analyses of M. tuberculata collected globally and in Texas to determine potential 35 source populations and estimate the number of invasion events. Our results show snails detected 36 in variable temperature habitats are genetically divergent and morphologically distinct from 37 snails collected in habitats with stable temperatures. These data are consistent with at least three 38 introduction events into Texas of M. tuberculata sensu lato that are characterized by distinct
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Introduction 44 As invaders, mollusks can have costly and dramatic effects on invaded ecosystems. For 45 example, repair and maintenance costs of industrial pipes and drains as a consequence of zebra 46 mussel (Dreissena polymorpha) and Asian clam (Corbicula fluminea) biofouling are estimated to cost local municipalities hundreds of millions in the US (U.S. Congress Office of Technology that infect humans (Pinto and De Melo 2011); consequently, the presence of M. tuberculata in 66 invaded systems is a concern for wildlife conservation and human health. 67 Thiarids entered North America as early as 1935 via the aquarium trade (Murray and 68 Wopschall 1965) . A specific timeline for the introduction of M. tuberculata is unknown; 69 however, evidence suggests they were introduced in the same manner (Roessler et al. 1977; Neck 70 1985) . Melanoides tuberculata was first detected in central Texas rivers in the 1960s and 70s 71 (San Antonio River, Bexar County, 1965; Comal River, Comal County, 1965; San Marcos River, 72 Hays County, 1979) (Murray and Wopschall 1965; Lindholm 1979) and then later in multiple 73 spring-fed systems throughout the continental USA (Murray 1975; Rader et al. 2003; Wingard et 74 al. 2008; Karatayev et al. 2009; Daniel et al. 2019) . Together these studies suggest that central 75 Texas was potentially the epicenter of invasion into North America for M. tuberculata. 76 Field surveys in the Bonneville Basin, Utah (USA) detected M. tuberculata at multiple 77 locations, except in springs with water temperatures below 18°C (Rader et al. 2003) . Their 78 observations were consistent with other field surveys, which suggest suitable habitat is limited to 79 waters with little to no flow velocity and stable temperatures between 18°C and 30°C (Murray 80 1971; Neck 1985) . Controlled experiments investigating temperature tolerance presented 81 evidence that survival is unlikely when M. tuberculata is exposed to water temperatures below 82 18°C or above 32°C for more than 48 hours (Mitchell and Brandt 2005) . Thus, it would appear 83 that any further range expansions of M. tuberculata into temperate aquatic habitats with seasonal 84 temperatures exceeding these limits would be unlikely owing to their expected thermal 85 tolerances. 86 In 2000 and 2001, three searches for M. tuberculata in the Guadalupe River (GR) (New 87 Braunfels, Texas), near its confluence with the Comal River (CR), yielded no live snails 88 (Fleming et al. 2011 ). These survey results were consistent with expectations, because seasonal 89 water temperatures fell below 18°C in this stretch of river. However, a subsequent search in 2009 90 detected M. tuberculata thriving in the GR up to 2 km downstream from the confluence 91 (Huffman pers. comm.) . In 2010, live snails measuring > 50 mm were found in the GR 92 approximately 15 km downstream from the CR (Huffman pers. comm.; Figure 1 ). The size of 93 these snails suggests they were several years old (Pointier et al. 1993 ) and represent an invasive 94 range expansion. Until recently, the known range of M. tuberculata in the San Marcos River 95 (SMR) was within three river km downstream from the headwaters (Figure 1) , and it has never 96 been reported outside of the spring influenced reach (Huffman pers. comm.). In 2014, snails 97 morphologically identified as M. tuberculata were thriving in the lower SMR approximately 54 98 river km downstream from the spring-fed headwaters (Figure 1 ). Expansion of M. tuberculata 99 into these areas is unusual, because these habitats have minimum seasonal temperatures as low 100 as 10°C, which is well below the experimentally determined minimum temperature of 18°C for 101 this species ( Figure 1 ; Table 1 ).
102
Global populations of M. tuberculata are characterized by a broad range of shell 103 morphologies and high genetic variation among clonal lineages, but comparatively low variation 104 within clonal lineages (Livshits et al. 1984; Samadi et al. 1998; Samadi et al. 1999; Samadi et al. 105 2000; Facon et al. 2003; Genner et al. 2004; Sørensen et al. 2005; Van Bocxlaer et al. 2015) . 106 Previous phylogenetic treatments present evidence for polyphyly within M. tuberculata sensu 107 lato (Facon et al. 2003; Genner et al. 2004; Sørensen et al. 2005; Van Bocxlaer et al. 2015) , 108 which suggests strong lineage divergence within the species. Also, conferred advantageous 109 physiological limits have been observed in offspring of hybridized lineages of M. tuberculata 110 that were not possessed by the parental snails (Facon et al. 2005) . Comprehensively, these reports serve as compelling evidence that genetic structure within and among the M. tuberculata 112 sensu lato (e.g., genotype and/or haplotype) can be associated with differences in life history 113 and/or physiological limits. 114 Lastly, field surveys in Israel found M. tuberculata survived during colder months by 115 hibernating in soft sediments (Livshits and Fishelson 1983) , which provides some evidence of 116 adaptive behavioral differences within the M. tuberculata species group. However, the 117 association between phylogeny and this behavior is still unknown. Accordingly, measuring, 118 documenting, and reporting intra-specific and inter-population level variation across the 119 landscape is important, because it provides evolutionary context when differences in adaptive 120 potential and behaviors are exhibited by genetic variants. Thus, expansion of M. tuberculata 121 sensu lato into Texas waters that seasonally reach temperatures below experimentally 122 determined lethal thermal limits might be explained by the introduction of different lineages 123 already adapted to colder temperatures in their native environments. 124 To investigate the introduction and expansion of M. tuberculata in central Texas, we aim to 125 measure variation among contemporary populations via combined genetic and morphological 126 analyses. We also aim to delimit the distribution of unique haplotypes and morphotypes while 127 providing geographic ranges and habitat associations for each. Lastly, we aim to estimate the 128 evolutionary history of haplotypes detected and attempt to infer their geographic origin based on 129 global reference data. than 20 snails at a site, then we subset the collection by choosing representatives of the different 157 phenotypes from the total snails collected at that site. Our goal was not to measure density 158 among sites, but rather to estimate the breadth of phenotypic and genetic diversity across rivers. 159 We promptly transported all snails to Texas State University where they were housed in flow-160 through containers submerged in flowing artesian water (maximum of seven days) until we 161 performed morphometric and genetic analyses. 162 Genetic Analyses 163 We used approximately 25 mg of tissue collected from either the head or foot of the snail. We 164 used two separate extraction kits during the study: the Gentra PureGene Tissue Kit (Qiagen) and 165 the GeneJET Genomic DNA Purification Kit (Thermo Fisher Scientific), following each 166 respective manufacturer's protocols. When using the GeneJET Kit, we followed the Mammalian To perform sequence editing, alignment, and phylogenetic analyses, we used Geneious Pro 187 v5.5.9 (Biomatters, Ltd.). To visualize the mutation steps between the haplotypes collected in 188 Texas, we constructed a median-joining haplotype network using PopART (Bandelt et al. 1999) . 189 We included global 16S rRNA sequence data for Melanoides sp. and other thiarids accessioned 190 into GenBank to determine the phylogenetic position of Texas snails (Table 3) . Sequences 191 downloaded from GenBank were associated with a morph code reported from their respective 192 publications (Table 3) . We assembled and trimmed sequences down to the shortest fragment in 193 the assembly (250 bp) to generate an alignment with no missing data and performed a final 194 alignment using the ClustalW algorithm with default values (Thompson et al. 1994; Facon et al. 195 2003) . To determine the model of sequence evolution that best fit the data, we applied AIC in 196 MODELTEST using the PAUP* Geneious plugin. We used Bayesian inference (MrBayes 3.2.6 197 plug-in; Huelsenbeck and Ronquist 2001) to infer phylogenetic relationships among globally 198 collected M. tuberculata and to determine the points of origin for invasive populations in Texas. 199 We used the best fit model and ran four heated chains for 2,000,000 iterations while subsampling studies. Therefore, we did not include those analyses and results in our study as they were not 212 reliable. 213 Therefore, when building our character matrix, we eliminated previously used qualitative 214 variables that were non-applicable, or ambiguous, from our data. These included various shell 215 colors, conicity of shell, roundness of whirl, and subsutural spiral cord (Facon et al. 2003; 216 Sørensen et al. 2005; Van Bocxlaer et al. 2015) . Further, calcium carbonate deposition distorted 217 some of the shell sculptures patterns in most of our individuals. Therefore, we removed the spiral 218 groove, reticulate indentation, and reticulate ridge characters from our analyses. We retained the 219 axial rib character, because it was pronounced despite distortions caused by deposition. We 220 removed snails from morphological analysis if deposition prevented accurate assessment of any 221 character. Accordingly, we scored a suite of 11 morphological characters (Table S2 ). However, 222 we still present all shell sculpture patterns to document our observations ( Figure 4A ). 223 We determined ranks for qualitative variables using dissimilarity-based systematics and 224 implemented variable rankings in a manner that sought to maximize dissimilarity by maximizing 225 the rank distance between dissimilar characters. For example, background shell coloration varied 226 from very pale to dark, thus a rank of 1 was assigned to pale and 4 for dark. Rank scores for all 227 qualitative variables were Z-transformed to stabilize the variance among disproportionate 228 variable scores. We then used the transformed rank scores to construct a distance matrix that we 229 ordinated using Non-Metric Multi-Dimensional Scaling (nMDS) analyses using 11 dimensions 230 and 1000 iterations. Because not all snails exhibited all of the qualitative characters, we used a 231 Euclidean distance method that accounts for missing values. We performed these analyses using 232 R version 3.3.1 and packages vegan v.2. 233 234
Results
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Haplotype Composition and Distribution 236 Three unique 16S rRNA gene haplotypes were present in snails (n = 165) collected in the CR, 237 SMR, and GR (GenBank Accession: XXXXXXX-XXXXXXX). We arbitrarily labeled each 238 haplotype H1, H2, and H3. In a median-joining network, H1 is 32 mutational steps from the H2 239 haplotype and 34 steps from H3 (Figure 2A ). The H2 and H3 haplotypes differ by five 240 mutational steps. H1 was the most abundant haplotype (n = 108) and occurred across multiple 241 sampling localities. However, in the SMR, H1 was not detected below the SMR5 site ( Figure   242 2C). In the GR, H1 was found at a site directly below the outflow of a diverted channel ( Figure   243 2E). The second most abundant haplotype was H2 (n = 54), which was found in the SMR 244 between sites SMR8 and SMR14 ( Figure 2C ). One individual carrying the H2 haplotype was 245 found in the CR River (site Old Channel; Figure 2D ) and six individuals were found in the GR (site AbCH1; Figure 2E ). H3 was the rarest haplotype (n = 3) and was only detected at the Old 247 Channel site from the CR ( Figure 2D ). We identified 62 unique phenotypes based on 11 qualitative variables (Table S2 ). The 271 differences in qualitative rank scores among the haplotypes were visualized in a nMDS 272 ordination plot ( Figure 4A ). When morphological characters were associated with haplogroup, 273 H2 displays phenotypic separation from the other two haplotypes. We observed seven 274 phenotypes within haplogroup H2 (Table S2 ). H2 can be qualitatively characterized as having 275 translucent tan shells, lacking dense and deep axial ribs, and displaying thinner ornamentation 276 patterns. They typically do not have a columellar band, but it is very thin when present. We 277 observed three phenotypes within haplogroup H3 (Table S2 ). H3 is nested inside a cluster that 278 contains several H1 phenotypic variants. H3 can be characterized as having a translucent brown 279 -red shell, lacking dense and deep axial ribs, having thick columellar bands, and exhibiting 280 larger ornamentation patterns compared to haplogroup H2. We observed 51 phenotypes within 281 haplogroup H1 (Table S2) ; thus, it has the most phenotypic variability among the three 282 haplogroup sampled ( Figure 4B ). Qualitatively, haplogroup H1 can be characterized as having 283 wide variability in ornamentation patterns, axial rib morphology, and shell background color and 284 intensity; however, adults do not exhibit translucent shells. The accessory datasets generated for 285 this study are available in the Dryad Digital Repository (DRYAD LINK). ; Table S1 ); thus, we expected to detect a single clonal lineage 293 if one introduction event occurred in the past. However, our results show at least three unique 294 haplotypes of Melanoides sp. occur in central Texas based on 16S rRNA sequence data. 295 Our results demonstrated an association between haplotype geographic distribution and water 296 temperature profiles of sites. Specifically, H1 was the dominant haplotype in the CR and the only 297 haplotype detected in headwaters of the SMR (SMR1-SMR5). This is significant because the geographic distribution of each haplogroup shows clear partitioning in the SMR suggesting there 309 are differences in habitat preferences among these genetic variants ( Figure 2C ). In the CR, H2 310 was only detected at the Old Channel site, and only one snail carrying the H2 haplotype was 311 collected during our surveys (Table 2) , which indicates that H2 snails are cold water tolerant 312 while H1 snails are not. 313 Additional sampling is still needed along the GR; however, partitioning is clearly observed at 314 the two sites we sampled. Haplotype H1 was only found at the AbCH2 site and H2 was only 315 found upstream at the AbCH1 site. Our water temperature data from AbCH1 showed water 316 temperature fluctuated between 10.5° and 32.4°C (Table 1) . Even though limited in duration, 317 water temperature data for the AbCH2 shows temperatures did not fall below 18°C at this site, 318 while the upstream AbCH1 logger showed temperatures fell below 18°C during the same time 319 frame ( Figure S1 ). It is important to note the AbCH2 site is located directly below the outflow of 320 a diverted channel; therefore, we speculate this site has some groundwater input and serves as a 321 seasonal refuge for snails, which is supported by our water temperature data. 322 By using mitochondrial DNA sequence data, we have determined the likely origin of each 323 haplogroup of M. tuberculata found in central Texas. We constructed a phylogeny using all 324 available sequence data, including the three haplogroups detected in Texas (H1, H2, and H3), 325 and we inferred global morphs could be partitioned into five major clades ( . Haplotype H2 detected in Texas is identical to the sequence of invasive morph CHO 336 (Venezuela), which is also clustered within sub-clade 4.5. Thus, we speculate that haplogroup 337 H2 is originally from Africa but may have been transported to South America via North America or vice versa. Inferring the specific origin of haplogroup H3 is more complex, because it is 339 included in Sub-clade 4.1, which is comprised of several invasive morphs (COL, FAL, PHI, and 340 BIT 1-7) that are most likely from Southeast Asia (Facon et al. 2003; Van Bocxlaer et al. 2015) . 341 This is supported by the placement of several Malaysian morphs within the same sub-clade. 342 Facon et al. (2003) (Table 3) . Therefore, it is likely that all the morphs within Sub-clade 4.1 are 352 from Southeast Asia, and specifically, haplogroup H3 detected Texas is originally from the 353 Philippines. 354 Our haplotype network demonstrates the genetic distance in base pair differences (i.e. Fishelson 1983). If we applied the fastest eukaryotic mitochondrial genome mutation rate, then 364 we estimated it would take an average of ~3.125 myr to accumulate one bp mutation in a 365 population of snails. Given the timeline of invasion and the magnitude of mutational steps 366 between the haplotypes, it is reasonable to assume these haplotypes represent separate 367 introduction events and not evolution within our system. Although, our estimates should be 368 viewed with caution owing to uncertainty of the mutation rate within Melanoides. 369 Furthermore, we can confidently assume H3 and H2 represent separate introductions and not 370 evolution, because H3 was not detected in the SMR. If we assume evolution, given the relative 371 frequency of H2 in the lower SMR versus the CR, then we would expect to find H3 in the SMR 372 where H2 is most abundant, however, we did not. With respect to similar haplotype composition 373 across the rivers (i.e., the presence of H1 and H2 in all three rivers surveyed), we speculate this 374 can be explained by their close proximity to each other. Additionally, all three rivers are popular 375 recreational areas, and snails could have been easily transported between them through shared 376 user traffic (Mitchell et al. 2007) . 377 The breadth of phenotypic variation observed in haplogroup H2 is much narrower than the 378 variation observed in H1. Specifically, H2 contained seven phenotypes and H1 contained 51 379 phenotypes (Table S2 ). The primary distinguishing characteristics of the H2 haplogroup in 380 central Texas are a translucent tan shell, a general lack of a columellar band, and general lack of 381 axial ribs. If the columellar band is present, it is very thin and diffuse. Axial ribs are mild in 382 thickness and shallow in depth if they are present. Additionally, axial ribs are distributed 383 heterogeneously among whorls, tend to be located towards the apex of the shell, and do not progress to the body whorl. Even though we did not use additional shell sculpturing as diagnostic 385 characters, H2 individuals did exhibit reticulate indentations on the whorls ( Figure 4A ). 386 We cannot draw any conclusions regarding the breadth of phenotypic variation with the H3 387 haplotype owing to small sample size. Regardless, among those H3 individuals collected, they 388 exhibited a translucent shell with either an amber or a darker copper background shell color, a 389 dense flame ornamentation pattern, a thick columellar band, and reticulate ridge sculpturing 390 patterns ( Figure 4A ). Additional sampling is needed to better estimate the phenotypic variation in 391 H3; although, they are relatively rare in our sampling area. 392 Comparatively, the H1 haplogroup has broad phenotypic variation with many defined morph 393 categories; however, the primary distinguishing characteristics that separates it from haplogroups 394 H2 and H3 is the lack of translucent shells and darker shell color in the adults. Juveniles will 395 have translucent shells but usually with darker shell coloration when compared to H2 snails, 396 pronounced columellar bands, and thick/robust shell ornamentation patterns. We also 397 acknowledge that omission of shell sculpture patterns may have reduced the discriminatory 398 power of the nMDS analysis. We speculate H3 could be distinguished from H1 using the 399 reticulate ridge and spiral groove characters; however, we took a conservative approach owing to 400 distortion of the shell by mineral deposition. 401 Qualitative analyses of morphological variation support phenotypic differentiation of the H2 402 haplogroup from the H3 and H1 haplogroups. However, haplogroups H1 and H3 have 403 phenotypes with similar shell color and ornamentation patterns ( Figure 4B ). H3 can be 404 differentiated from H1 only by subtle differences in shell morphology such as reticulate ridge 405 sculptures and shell color. Therefore, phenotypic similarities between H1 and H3 may confound 406 their identification in the field. 407 Another approach that could possibly discriminate among morphs is quantitative morphology 408 (i.e., morphometrics). However, morphometric approaches for differentiating wild snails are concomitantly their potential for spread. Therefore, the observed habitat partitioning among the haplotypes within the SMR may be due to advantageous physiological or behavioral adaptations 431 of H2 compared to the H1 haplotype, but that is yet to be explored. 432 However, the role of inter-haplotype competition is unclear. We cannot dismiss the possibility 433 that H1 may be competitively excluding H2 from warmer waters. This may be acting 434 synergistically with the cold-water tolerance observed in H2, and thus is another explanatory 435 factor contributing to haplotype partitioning in the SMR. Evidence for this is given in the 436 haplotype composition at the Old Channel site in the CR. This site exhibits stable water 437 temperatures and the only one to contain multiple haplotypes; however, H1 was still the most 438 abundant ( Figure 2D ). 439 Additional monitoring and genetic testing should continue throughout the region, because Table S2 ). Shell 652 sculptures f, g, and h were shown to document the observation of these characters in some shells 653 in good condition; although, they were not included our phenotypic assessments (see Methods 654 and Discussion). Channel (see Figure 2 ). 
